Abstract: Mitogen-activated protein kinase (MAPK) cascades are conserved signalling modules that control many cellular processes by integrating intra-and extracellular cues. The p38/Hog1 MAPK is transiently activated in response to osmotic stress, leading to rapid translocation into the nucleus and induction of a specific transcriptional program. When investigating the dynamic interplay between Hog1 activation and Hog1-driven gene expression, we found that Hog1 activation increases linearly with stimulus, whereas the transcriptional output is bimodal. Modelling predictions, corroborated by single cell experiments, established that a slow stochastic transition from a repressed to an activated transcriptional state in conjunction with transient Hog1 activation generates this behaviour. Together, these findings provide a molecular mechanism by which a cell can impose a transcriptional threshold in response to a linear signalling behaviour. The authors declare that they have no competing financial interests. Transcriptional activation of mating genes occurs with linear kinetics and high fidelity (5, 6) , and the observed cell-to-cell variation in protein expression is governed by the ability of cells to express proteins (expression capacity) (5). While the mating pathway can be compared to a cell-fate decision system with sustained MAPK activity, the HOG pathway is an adaptation response, which is only transiently induced like other stress-activated pathways (7). We therefore investigated whether this transient response would trigger different expression behaviour.
conjunction with transient Hog1 activation generates this behaviour. Together, these findings provide a molecular mechanism by which a cell can impose a transcriptional threshold in response to a linear signalling behaviour.
Mitogen-activated protein kinase (MAPK) cascades orchestrate many cellular processes including cell growth, division and differentiation (1). In S. cerevisiae, the high osmolarity glycerol (HOG) pathway is needed to re-establish the balance between internal and external pressures upon osmotic shock (2) . Osmo-sensors at the cell membrane activate either the MAPK kinase kinases (MAPKKK) Ste11 or Ssk2,22, which converge on the MAPKK Pbs2. In turn, Pbs2 doubly phosphorylates the MAPK Hog1, leading to rapid translocation into the nucleus to launch a transcriptional program.
Although increased transcription is essential to survive very high osmotic stress (0.8M NaCl), it is not required for milder stress conditions (0.4 M NaCl) (3) , under which Hog1 kinase activity alone is sufficient to drive cellular adaptation. In contrast, in the yeast mating MAPK pathway, transcription and new protein expression are required for cell cycle arrest and mating (4).
Transcriptional activation of mating genes occurs with linear kinetics and high fidelity (5, 6) , and the observed cell-to-cell variation in protein expression is governed by the ability of cells to express proteins (expression capacity) (5) . While the mating pathway can be compared to a cell-fate decision system with sustained MAPK activity, the HOG pathway is an adaptation response, which is only transiently induced like other stress-activated pathways (7) . We therefore investigated whether this transient response would trigger different expression behaviour.
To quantitatively measure the transcriptional output induced by osmotic stress, we engineered a reporter system based on a quadruple Venus (qV) fluorescent protein expressed under the control of specific osmo-stress-inducible promoters dependant on the three main transcription factors orchestrating the transcriptional response to osmotic stress (Hot1 and Sko1: pSTL1, Msn2,4: pALD3 or Msn2,4 and Hot1: pHSP12) (8) . Flow cytometry revealed a Pbs2-dependent 20-fold increase in pSTL1-qV reporter expression when 0.4M NaCl was added to the growth medium ( Fig. 1 A and B) . No expression was detected at low salt concentrations (below 0.05M), while above 0.15M, all cells expressed the reporter and the amount of fluorescence increased linearly with stress.
However, at intermediate concentrations, we observed histograms with two distinct subpopulations representing non-expressing cells with basal autofluorescence levels and expressing cells with higher intensities. These distributions are termed bimodal. The pALD3-qV and pHSP12-qV reporters displayed a similar bimodal expression behaviour ( Fig. 1B and Fig. S1A ). Induction of the mating pathway for 45 minutes with !-factor also generated a bimodal expression output of the Ste12-specific reporter pFIG1-qV.
However, signalling in the mating pathway is prevented from "Start" through S phase (9) , and expression output became unimodal after relieving this cell-cycle dependent restriction ( Fig. 1B and Fig. S1B ).
To investigate the source of the HOG pathway bimodal expression behaviour, we integrated two reporters driving the expression of a quadruple cyan fluorescent protein (qCFP) and a qV construct in the same cell. Correlation of the cyan and yellow intensities measures the contribution of cell-to-cell (extrinsic) and intra-cellular (intrinsic) variability to the overall expression noise (5, 10) . The two pFIG1-reporters induced by !-factor demonstrated that the mating pathway is governed by extrinsic noise. In contrast, we observed a lack of correlation between the two pSTL1-reporters ( To assess the observed bimodality and Hog1-signalling simultaneously, we combined a Hog1-relocation assay (11, 12) with the pSTL1-qV expression reporter ( Fig. 2A ). Because nuclear accumulation of Hog1 is linked to its kinase activity (13) , this assay allows correlating in each cell the signalling and expression outputs ( Fig. 2B and C) .
When cells were stressed with increasing salt concentrations, Hog1 nuclear accumulation gradually augmented both in magnitude and retention time. At the single cell level, a clear discrepancy was apparent between the linear increase in signalling output versus the bimodal behaviour observed in the expression output (Fig. 2D-F and Fig. S3 ). We conclude that Hog1 activation as measured by its nuclear translocation is not sufficient to induce a defined transcriptional output, indicating that unknown intracellular factor(s) set a threshold for gene expression.
Hog1 has been implicated at various steps in the complex mechanisms leading to gene transcription (14, 15) . First, Hog1 associates with transcription factors that bind at specific promoters (16) . The MAPK then recruits RNA polymerase PolII as well as chromatin remodelling complexes such as SAGA (Spt-Ada-Gcn5 Acetyltransferase) and RSC (Chromatin Structure Remodelling), which evict nucleosomes (17) (18) (19) . During active transcription, the INO80 complex and histone chaperones are involved in redeposition of histones, and therefore help silencing these genes once stress has been overcome (20) .
To test if bimodality is reflected in chromatin remodelling, we used chromatinimmunoprecipitation (ChIP) to monitor the occupancy of histone H3 on the STL1, HSP12
and ALD3 promoters. Histone eviction occurred in a Hog1-dependent manner ( Fig. S4A and (18)) and it was complete from 0.15M (STL1, ALD3) or 0.2M NaCl (HSP12) (Fig.   3A) . The partial eviction observed at low stress levels suggests that only a fraction of the population was able to remodel chromatin to allow for efficient transcription. In contrast to other transcription regulators such as Asf1, Cyc8 or Htz1, the bimodal behaviour of the pSTL1-qV stress-reporter was already present in the absence of stress in cells deleted for the INO80 subunit Arp8 (Fig. 3B, Fig S5A and B and Table S1 ). Conversely, bimodality was significantly increased in cells with impaired SAGA or RSC function ( Fig. 3B and Fig. S6 ), indicating that chromatin remodelling activity affects the threshold of gene expression. We verified that eviction of histone H3 is incomplete in gcn5! cells (Fig. 3C and Fig. S4B ), reinforcing the notion that the partial histone eviction observed at the population level is linked to the bimodal expression measured in single cells.
Deletion of either of the two transcription factors Sko1 and Hot1 strongly reduced pSTL1-qV expression and led to a bimodal expression pattern at high stress levels (Fig.   S5C ). This behaviour could be partially rescued by the additional deletion of ARP8.
Moreover, cells grown at low glucose concentration (0.05%) where glucose repression is alleviated display a bimodal transition around 0.05M NaCl (Fig. S7A-C) . The bimodal transition shifts to higher stress levels as glucose repression increases with the amount of glucose in the medium. Taken together, these results suggest that the bimodality depends on a number of dynamic processes cooperating at stress-induced promoters to regulate the activation of the transcription.
To better understand the dynamics of gene activation, we designed a simple stochastic model of Hog1-induced transcription ( Fig. 4A and C) . Microscopy analysis confirmed that these conditions result in short-lived nuclear relocation of Hog1 in all cells and a bimodal expression response of the population ( Fig. 4D and E) . Conversely, sustained activation of Hog1 with low stresses using a ramping protocol resulted in a transition from non-expressing to fully expressing cells going through a bimodal stage (Fig. 4B-E) .
We conclude that both the retention time and concentration of Hog1 in the nucleus are critical parameters that control bimodality of the transcription of stress-activated genes.
Stress-genes have to fulfil two contradictory requirements, which may explain their large noise in expression (21, 22) . First, under normal growth conditions these genes are silenced, although basal pathway activity can be present (23, 24). Second, upon stress, these genes have to be expressed at a high rate to contribute to the adaptation of the cell during the short period of activity of the pathway. Importantly, bimodal gene expression may be a general feature of stress-induced genes, as oxidative or heat stresses also generated a bimodal expression pattern (Fig. S9) .
If the approx. 300 genes induced by osmotic stress (8) were expressed in a stochastic fashion, a unique set of 150 genes would be present in each cell. Fluorescence reporter expression can therefore not be linked to increased resistance to osmotic stress and we failed to detect a pattern in reporter expression in cells subjected to two subsequent mild osmotic stresses (Fig. S10 ). However, this broad diversity in expression pattern will result in a large variability in protein content of the cells, which could be advantageous to survive in changing environments (25). Thus, noise in stress gene expression may confer an evolutionary advantage to a population by increasing fitness to face a large range of stress events. Percentage of intrinsic (grey) and extrinsic (white) noise over total noise quantified for osmotic stress or !-factor treatment in cells bearing two pSTL1-or pFIG1-expression reporters, respectively. Based on the nucleus and cell objects, a third sub-nuclear region was defined with pixels contained in the cell object and within a distance of 5 pixels from the nucleus but not touching it. Hog1 nuclear accumulation was measured by calculating the difference in mean intensity between the nuclear and sub-nuclear objects in the RFP channel. This analysis removed artefacts due to bleaching and cell shrinking, which leads to a change in 
Supplementary Text Model description:
We have established a simplified model of the HOG pathway to study the stochastic noise in gene expression (Table S2 ). To recapitulate the stochastic activation of the gene expression in single cells, we have used a stochastic solver (S4, S5). For these types of simulation the time constant of a reaction in s -1 indicates the propensity of a reaction to take place. The amount of each species in the model can only take integer value. At any time point, each reaction will have a given probability to occur based on the availability of the reactants and the time constant associated with this given step. Based on this probability, one reaction is randomly selected and performed transforming one unit of reactants into products as defined by the stoichiometry of the reaction. Due to the random selection of the reaction, the dynamics of the species will vary from one simulation to the next and therefore each simulation of the model will have a different outcome. Performing an ensemble simulation allows testing of a large set of possible outcomes for the model. This is therefore different than standard ODE models, in which rate constants define a fixed rate of reaction and each realisation of the model will lead to the same outcome.
The osmo-stress is represented by a STRESS agent, which can take values between 0 and 100. The adaptation of the cell is simulated by a first-order reaction, which slowly eliminates the stress agent. This simplified mechanism replaces the Hog1-dependent negative feedback loop that drives adaptation in living cells.
Since we have shown that signalling is not responsible for the apparition of bimodality in the expression (Fig. 2 and Fig. S3 ), we have minimized the number of upstream components in the signalling cascade. The STRESS agent promotes therefore directly the activation of the MAPK HOG1 (Hog1). Once active, HOG1-P can quickly be deactivated by a PHOSPHATASE (Ptp2 or Ptp3). These few reactions are sufficient to faithfully reproduce the general dynamics of the nuclear enrichment curves measured by microscopy in single cells.
In absence of stress, the TRANSCRIPTION FACTOR (TF, Hot1 or Sko1) is already bound to the GENE. After activation, HOG1-P is recruited to the gene via the TRANSCRIPTION FACTOR to stabilize the complex. This complex will in turn recruit POLII (polymerase) to form the INITIATION COMPLEX (S6). All these events are modelled with mass-action kinetics with the forward and backward reaction constants set to the same value. To achieve efficient transcription, remodelling of nucleosomes is necessary (S7). Therefore, we introduced an additional step in the model, which is the binding of the REMODELER (SAGA or RSC complexes) to form the ACTIVE GENE complex. We assumed that in cells once remodelled, the chromatin state stays open for a long period of time and therefore the back reaction was set a hundred time slower than the forward one.
Another mechanism was implemented to deactivate this complex through the action of the PHOSPHATASE, which can bind HOG1-P present in the complex. The PHOSPHATASE will thus inactivate HOG1-P and promote the disassembly of the whole complex. As long as HOG1-P is present, the PHOSPHATASE is mainly acting on the free MAPK pool since this rate constant was set three times higher than the one with HOG1-P involved in the transcription complex. Although this mechanism might seem artificial at first, it was implemented to reproduce the observation that mRNA production is limited to the time of Hog1 activity (S8). Moreover, this mechanism does not influence the ability of the model to generate a bimodal protein expression output.
Once assembled, the ACTIVE GENE complex can produce RNA, which in turn will be translated into PROTEIN. We implemented catalytic reactions for these two events such that a single reactant can produce multiple product molecules in consecutive reactions. We introduced a fairly rapid degradation of RNA, while we did not implement a degradation reaction for the protein, since the fluorescent proteins are known to have a long lifetime in the cells. The final protein production time course is similar to the apparition of fluorescence from the pSTL1-qV reporter measured by microscopy, with the exception that the fluorescence apparition in the cell is delayed by 30 to 40 min due to the slow maturation of the chromophore.
The initial values for the various species of the model are given in the Table S3 (species not listed are set to zero). Since we wanted to focus on the expression of a single reporter gene, this number was naturally set to one. The number of Hog1 acting on that gene was extrapolated from the fact that roughly 200-400 genes are activated upon osmotic-stress (S9) and that there are roughly 7000 Hog1 molecules per cell (S10). Since only a fraction of active MAPK relocates to the nucleus, we made the conservative assumption that the number of active Hog1 per gene is on the order of 10. A larger number of HOG1 will only decrease the noise in the signalling cascade and not influence the noise in the expression output. The other species were all measured to be in the same order of magnitude as the number of Hog1-induced genes (S10) and were set to one.
Anyway these values will only act as a scaling factor for the rate constant, since a single entity can bind to the active gene. As an example, if we set the number of TRANSCRIPTION FACTOR to 10, it will accelerate the binding reaction by an order of magnitude. However it will have no other influence on the simulation because once the GENE-TF complex is formed, the nine other TF present are not involved in any other reaction.
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The rate constants given in Table S2 were used for all simulations presented in Fig.   S8 . Note that all time constants for this stochastic simulation have the units of s -1 since the species numbers are unit-less (S4) . The values were chosen to reflect the known dynamics of various elements in the pathway such as Hog1 activation and protein expression measured in our experiments as well as mRNA production and ChIP time course data from Hog1, PolII and histone H3 on the STL1 promoter (our data and (S7)).
The major reactions that control the bimodal behaviour of the model are the three consecutive steps taking place on the GENE upon HOG1 phosphorylation to form the ACTIVE GENE complex. Since their rate constants are the same, we varied the forward and backwards reaction rates for the HOG1-P and POLII binding reactions together (c hogon c hog-on c pol-on and c pol-off ) and in parallel varied the time constant of the remodelling reaction (c rem-on ). We show in Fig. S11 that a large range of values will generate a bimodal output for an initial number of STRESS agent of 3. The set of rate constants selected in the final model allowed a graded transition from a bimodal to a uniform expression as stress level is increased to mimic the measured flow cytometry data.
The SimBiology toolbox from MATLAB was used to design and simulate the model presented in Fig S8. Only uni-or bimolecular reactions with mass-action kinetics were implemented, since more complex kinetic implementations are not compatible with the stochastic simulation framework (S11). Using the stochastic solver, each run provides a possible outcome of the model due to the random occurrence of the individual reactions based on a Gillespie algorithm (S4). Ensemble simulation with 10'000 runs allowed exploring the space of the possible outcomes of the model. The final number of proteins obtained at the end of the run is converted to a simulated fluorescence level by the addition of a random number (normally distributed around 10 ± 5), which is small compared to the protein number (100 to 1000).
All simulations were started with 500 seconds (-500 to 0 s), where the number STRESS agent was set to 0. This allowed the various species to equilibrate in absence of STRESS. After this initial phase, the number of STRESS agents is set to a value between 0 and 100, which results in the activation of HOG1 and the execution of downstream reactions. For the pulse experiments, at a given time point after time zero, the STRESS is set back to 0, thereby shutting down the activation of HOG1 by the action of the PHOSPHATASE on free HOG1-P and HOG1-P in the ACTIVE GENE complex. For the sustained activation, the STRESS is set at 1 at time zero, but the adaptation time constant c adapt is set to 0 for a given length of time, after which it is set back to its normal value of 0.003 s -1 , thereby recapitulating the absence of adaptation present during the ramp of NaCl concentration.
Although the model has some experimental prediction capabilities, it is evident that the dynamics of gene activation are not completely recapitulated by our simulations. In particular, the range of bimodal expression is typically larger in the model than in the measured data sets. The pSTL1-qV expression is repressed at low stress levels and bimodality is only observed within a narrow concentration range until all cells express the fluorescent protein. This implies that the ultra-sensitivity of the mechanisms leading to the formation of activated target genes is stronger in vivo than in our simulations. We kept our model simple on purpose with only a few activation steps and used mass-action kinetics to demonstrate the basic mechanism needed for bimodal expression. However, in cells these processes are extremely complex with multiple transcription factors and chromatin remodelling complexes acting synergistically on the promoter. It is therefore not surprising that these highly cooperative processes generate a more switch-like response in vivo. 
